Abstract-A frequency-tunable resonant magnetic field probe is designed for near-field scanning applications for the radio frequency interference studies. Tunable resonance is achieved by using a varactor diode providing the required capacitance and the parasitic inductance of a magnetic loop (i.e., a parallel LC circuit). An equivalent circuit model for the probe is described, analyzed, and used for designing the probe for achieving maximum sensitivity. The resonance frequency of the designed probe is tunable in the frequency range of 900-2260 MHz that covers multiple radio bands, such as the GSM900, UMTS, and GPS bands. The sensitivity of the probe at the resonance frequency is about 7-9 dB higher than that of an equivalently sized broadband magnetic field probe throughout the tunable frequency range. The measured frequency response and sensitivity over a microstrip trace using the fabricated probe shows good agreement with the simulated results of the equivalent circuit model and the full-wave simulation model. Index Terms-Frequency tunable, GPS band, GSM band, radio frequency interference, receiver desensitization, resonant magnetic field probe, varactor diode.
I. INTRODUCTION

R
ECENT trends in modern mobile computing and communication devices show integration of an increasing number of radio frequency bands and antennas for implementing wireless interfaces for communication and high-speed data-transfer capabilities. For example, a typical modern mobile phone contains various RF subsystems such as GSM, GPS, Wifi, NFC, and Bluetooth. High-speed digital circuits can generate highfrequency noise due to their switching nature. When the noise contains spectral components in the wireless bands, it becomes a potential noise source for the radio-frequency interference (RFI). On-chip dc-dc converters, high-speed memory clocks, I/O busses, and LCD clock harmonics are a few typical examples of such noise sources. Other trends show an increasing Manuscript received October 7, 2015 volume density in electronic products, which is calculated as the ratio of the volume of space taken up by electronic parts to the total available volume inside the electronic product. The combined effect of all these trends results in the placement of the potential noise sources and victim circuits in close proximity to each other. This has the potential to cause severe RFI issues such as receiver desensitization, noise coupling, antenna detuning, etc. Various types of techniques for investigating an RFI in mobile devices have been studied in [1] - [3] . Near-field scanning probes provide an effective approach to measure and quantify electromagnetic fields in the vicinity of the probes. RFI issues such as receiver desensitization require the measurement of the electromagnetic noise well below -100 dBm to identify potential noise sources (i.e., low trace currents lead to very low magnetic field strengths).
Researchers have investigated ways to improve the bandwidth, spatial resolution, and suppression of unwanted fieldcomponents of near-field probes [4] , [5] . Methods for enhancing the probe sensitivity by modifying the near-field characteristics close to the device such as the use of single negative metamaterials and single split ring resonators have been demonstrated in [6] and [7] . Resonant probes are an attractive option for investigating receiver desensitization issues since the receivers usually operate in narrow frequency bands and enhancing the probe sensitivity at the particular frequency band of interest is sufficient for this purpose. Resonant probe design techniques for electric and magnetic fields have been demonstrated in [8] - [10] . However, these probes exhibit enhanced sensitivity only at a fixed frequency and by design are limited in their use at a fixed RF frequency. For the identification of noise sources at multiple frequency bands within the same device under test, multiple probes each designed for a fixed resonant frequency would then be required. This requires an additional design and manufacturing efforts, and necessitates stringent manufacturing tolerances to ensure that the target resonant frequency is achieved.
This problem is alleviated with a frequency tunable probe, since the resonant frequency of a frequency tunable probe can be tuned to practically any frequency within the designed tunable frequency range of the probe. Furthermore, the automated scanning systems are widely used for near-field scanning over a device under test by attaching a probe to the scanning arm of a robot. Scanning for multiple RF bands on a device would require multiple scans one for each fixed resonant probe. An electronically tunable resonant frequency probe facilitates the measurement of fields at multiple frequencies, in a single scan setup, by conducting measurements at multiple frequencies at each scan point resulting in shorter scanning times and higher level of automation by eliminating the requirement for changing probes.
The tunable probe described in this letter is designed by creating a parallel LC resonance that is implemented incorporating a tuned varactor diode with the parasitic inductance of the probe's (magnetic) loop. An equivalent circuit model for the probe is described, analyzed, and used for designing the probe for achieving maximum sensitivity in the target operating frequency range of 900-2260 MHz. The sensitivity of the probe at the resonance frequency is shown to be about 7-9 dB higher than that of an equivalently sized broadband magnetic field probe, throughout the tunable frequency range. The measured frequency response and sensitivity over a microstrip trace using the fabricated probe shows a good agreement with the simulated results of the equivalent circuit model and the full-wave simulation model.
II. EQUIVALENT CIRCUIT AND FULL-WAVE SIMULATION MODEL
When using a varactor diode to represent a capacitance in a resonant circuit, the resonance frequency can easily be changed by reverse biasing (using a dc voltage) the varactor. Then, by incorporating a magnetic loop in the probe, which produces the necessary shunt parasitic inductance, the resonant frequency of the probe can be changed. In practice, the parasitic inductance (ESL), the equivalent series resistance (ESR) of the varactor diode, dc blocking capacitors, and other parasitics also affect the resonant frequency. The schematic in Fig. 1 illustrates the idea of using a varactor diode with a magnetic loop for this purpose.
Considering the relevant circuit parasitics, the equivalent circuit of the proposed probe, created using Agilent ADS [11] , is presented in Fig. 2 . The equivalent circuit is used to obtain the voltage developed at the probe output due to the magnetic field coupling to the probe placed 2 mm above a 50-Ω microstrip line (commonly the objective of such RFI measurements). The coupling between the microstrip trace and the probe loop is represented by two coupled inductors. The probe parasitic parameters such as L and C are calculated from the simulated input impedance obtained by placing an excitation port in between the gap in the probe shield at the probe tip using the full-wave model of the probe.
In the fabricated probe, two varactor diodes are used with two parallel dc blocking capacitors for each diode to block the reverse bias voltage applied to the varactor diodes. The ESL, ESR, and the capacitance of the varactor diode are obtained from the specifications of the Skyworks SMV1234-04LF varactor diode used in this investigation [12] . The variation of the capacitance as a function of the reverse bias voltage for the SMV1234-04LF is shown in Fig. 3 . A stripline with an impedance of 50 Ω is used to connect the magnetic loop output to the probe output. Another impedance matching transmission line is connected from the stripline to the probe ground through a dc blocking capacitor. The radiation resistance for the probe was modeled using the expression for the radiation resistance of a rectangular loop [13] . The length of the impedance matching transmission line is optimized to obtain a maximum power transfer from the magnetic loop to the probe output. To optimize the design of the probe for maximum sensitivity, a full-wave simulation model is constructed in Ansys HFSS [14] . The probe loop structure and the orientation of the probe above the microstrip trace are shown in Fig. 4 . To emulate the varactor diode, a lumped capacitor is placed in the gap of the probe shield on each side of the loop. The value of the capacitor was parametrically varied to achieve resonances at various frequencies within the desired frequency range of interest. For simplicity, the dc blocking capacitors were not considered in the full-wave simulations since their influence on the RF performance of the probe is negligible. The complete full-wave simulation model consists of the probe model positioned at a height of 2 mm over a microstrip trace such that the magnetic field coupling is dominant. The dimensions of various elements of the probe loop, as shown in Fig. 4 are optimized to obtain maximum sensitivity of the probe over the desired tunable frequency range.
III. FABRICATED PROBES AND FREQUENCY RESPONSE
The probe was fabricated using three layers of a four-layer printed circuit board (PCB) using an FR-4 dielectric, as shown in Fig. 5(b) . The top and bottom copper layers are used as the probe ground. The second layer is used for the stripline and the probe loop. The third copper layer is not used. As a reference and for comparison, a broadband magnetic field probe with an equivalent loop size was also designed and fabricated. The broadband probe and the various parts of the fabricated tunable frequency probe are shown in Fig. 5 . The capacitance of the varactor diode used can be varied in the range 1.32 -9.62 pF by varying the reverse bias from 15-0 V. To characterize the frequency response and sensitivity of the fabricated probes the measurement setup described in Fig. 6 was used. Port 1 of the vector network analyzer (VNA) is used as the excitation source for the 50-Ω microstrip trace, which is terminated with 50 Ω. The probe output is connected to the Port 2 of the VNA using coaxial cables. The probe is positioned at the height of 2 mm above the microstrip trace. The probe's magnetic loop is oriented in the Y-Z plane, such that the H x component of the magnetic field from the microstrip trace is the dominant measured field.
The comparison between the ADS circuit model and the measured S 21 (dB) magnitude for varactor capacitance values of 1.46, 3.1, and 9.6 pF corresponding to the reverse bias voltages of 15, 4.3, and 0 V along with the broadband probe response is shown in Fig. 7 .
It can be observed that the gain of the resonant probe (for the simulations and measurements) is about 7-9 dB higher than that of the broadband probe at each of the resonant frequencies. The rejection of an unwanted E-field coupling, measured for the probe orientation in the X-Z plane, is about 15 dB at the resonant frequencies. The comparison between the measured and simulated S 11 (dB) magnitude for the capacitance values is shown in Fig. 8 . The comparison of the S 21 (dB) magnitude between the measurement and full-wave (Ansys HFSS) simulation result is shown in Fig. 9 . These results show that the frequency response and sensitivity estimated using the equivalent circuit model and the full-wave simulation model show good agreement with the measured results for the fabricated probe. The probe factor of the H-field probe was measured using a TEM cell to be 7.2 and 4.4 dB A/m/V at 890 and 1710 MHz, respectively.
IV. CONCLUSION
A frequency tunable probe having an improved sensitivity, relative to an equal size loop probe based on parallel LC resonance, is designed by using a tuned varactor diode and the parasitic inductance of a loop probe. The capacitance across the varactor diode can be varied using the applied reverse bias voltage to control the resonance frequency of the magnetic field probe. The resonance frequency of the designed probe is electronically tunable in the frequency range of 900-2260 MHz that covers multiple radio bands, such as the commonly used GSM900, UMTS, and GPS bands. An equivalent circuit model for the probe is described, analyzed, and used for designing the probe for achieving maximum sensitivity in the target frequency range. The sensitivity of the probe at the resonance frequency is about 7-9 dB higher than that of an equivalently sized broadband magnetic field probe throughout the tunable frequency range. The measured frequency response and sensitivity of the fabricated probe over a microstrip trace show good agreement with the simulated results of the equivalent circuit model and the full-wave simulation model.
